More than 700 pyrope, chrome diopside and chromite grains recovered from Quaternary sediments of the Kola craton, and from the Ermakovsky kimberlite in the Terskii Coast field were analyzed in order to determine their P-T parameters. Ni-thermometry on pyropes from SE Kola gives a range of temperatures between 650-1250 °C, corresponding to a sampling interval of c. 75-190 km. Pyrope compositions imply a stratified structure to the SE Kola lithospheric mantle, with G10-pyropes absent in the shallow mantle (75-110 km) where the bulk of the G9-pyropes are sourced, while a deeper mantle horizon, between 110 and 190 km, has contributed abundant G10-pyropes. Approximately 16 % of all these pyropes are derived from the diamond stability field. The Ni -temperatures of garnets from the Ermakovsky kimberlite reveal a relatively shallow sampling interval of the mantle (c. 75-140 km), dominantly within the graphite-stability field. P-T values for peridotitic chrome diopsides imply that most grains from SE Kola were derived from the graphite stability field, apparently originating from non-diamondiferous alkaline-ultramafic dykes. Nevertheless, c. 15 % of SE Kola diopsides have been derived from the stability field of diamond. Diopsides from SW Kola mostly plot in the diamond stability field. 20 % of diopsides from central Kola are derived from the diamond stability field, whereas diopsides from northern Kola region all fall within the stability field of graphite. The maximum depth of diopside xenocryst sampling varies from up to 200 km in SE and SW Kola, to 170 km in central Kola, and only to 140 km in the northern Kola region. The P-T values for chrome diopsides imply significant regional differences in heat flow: 38-44 mW/m 2 within the southern part of Kola adjacent to the Kandalaksha graben; 35-38 mW/m 2 towards the SE and SW away from the graben; 38-44 mW/m 2 in central Kola; and up to 50 mW/m 2 in northernmost Kola. These data indicate that the more "cratonic" SE, SW and likely central parts of the Kola region have higher potential for diamondiferous kimberlitic magmatism.
Introduction
The Kola region of the eastern Fennoscandian shield is prospective for diamondiferous magmatism based on structural-tectonic conditions that include: confinement to a platform with a Precambrian basement, thick lithosphere (170-240 km), and low heat flow (<40 mW/m 2 ). It is located within the Kola and Karelian cratons, which were amalgamated during the Late Archean. Kimberlitic magmatism, another factor critical for diamond prospectivity, has been recognized in the Kola region, occurring as abundant dykes and explosive pipes of alkaline and alkaline-ultrabasic composition (Fig. 1) . Numerous kimberlitic indicator minerals and diamonds have been recovered from Quaternary sediments of the region. Based on these discoveries, kimberlitic fields are predicted in the Makeevka, Pyalitsa, Pulonga and Snezhnitsa fields in south-east Kola and the Zarechensk field in south-west Kola (Gavilenko et al., 2000; Zozulya et al., 2008) . Also prospective is the southern part of region where the two Ermakovsky low-grade kimberlitic pipes are located (Kalinkin et al., 1993; Beard et al., 1998) .
The main purpose of this study is to elucidate the composition and thermal properties of the lithospheric mantle beneath the Kola region and estimate its diamond prospectivity. For this, the chemical com- Fig. 1 . Location of mantle-derived magmatic rocks in the Kola craton and the areas sampled (boxes) from the south-eastern, south-western, central and northern parts of the region. 1 = nepheline syenites, 2 = alkaline-ultrabasic rocks and carbonatites, 3 = alkaline-ultrabasic dykes and pipes, 4 = main transportation direction of Quaternary material by the Scandinavian ice-sheet, 5 = diamond discoveries in Quaternary sediments. ErmK = Ermakovsky kimberlitic pipe in the Terskii Coast field. Striped areas on map are prospective for diamondiferous kimberlites based on this study.
positions of mantle-derived garnets and pyroxenes were determined and P-T parameters were calculated allowing discrimination of mantle-derived minerals. Previously obtained P-T values for mantle xenoliths (eclogitic and peridotitic) from alkaline dykes and pipes of the region vary between 10-15 kbar and 775-1050 °C (Arzamastsev et al., 1988; Vetrin & Kalinkin, 1992; Beard et al., 2007) .
Sampling
More than 600 pyrope and chrome diopside grains recovered from Quaternary sediments (till, alluvium and coastal sediments) of the southern, central and northern parts of the Kola Craton ( Fig. 1) were analyzed. Representing either mantle xenocrysts or constituents of mantle xenoliths, the pyropes and chrome diopsides contain valuable information on the composition of the lithospheric mantle and its thermal properties. It has been established (Hirvas, 1977) that in glaciated areas, the main proportion (75-90 %) of transported detrital material has local (0-5 km) rather than distal sources. This implies that the samples in this study mostly represent locally derived materials. These sediments also contain pyropes and diopsides from relatively shallow crustal eclogites and eclogitic xenoliths and xenocrysts from non-kimberlitic dykes and pipes. Consequently a thorough discrimination must be made to exclude any grains not originally derived from deep lithospheric peridotites.
The glaciated south-western, south-eastern and central sampling areas were affected by the Scandinavian ice-sheet that transported detrital material from west to east (Fig. 1) . In the northern sampling areas lobes of the same ice-sheet transported material to the north and north-east (Hattestrand et al., 2007 , and references therein). The south-western and southeastern areas are far from the Kandalaksha graben, which represents a Belomorian rift system with abundant Devonian alkaline-mafic dyke and pipe magmatism on its flanks (Arzamastsev & Dalgren, 1993; Beard et al., 1996; Beard et al., 2007; Downes et al., 2005; Vetrin & Kalinkin, 1992) . The bedrock in these areas is dominantly Late Archean with minor Paleproterozoic units of the Karelian and Kola cratons, respectively (Mitrofanov, 1996) . The central sampling area is located south-east of the Lovozero nepheline syenite massif where the bedrock is represented mostly by Late Archean TTG-basement. The northern sampling areas are located in the vicinity of the Barents Sea, on-and offshore of Kola craton and confined spatially to the flanks of a graben of the Barents rift system (Baluev, 2006) . Here the bedrock is represented mostly by Late Archean and less abundant Late Proterozoic rocks. Scarse alkaline-ultrabasic dykes and pipes have been found in some of the northern areas (Arzamastsev & Dalgren, 1993) .
Pyrope and chrome diopside were recovered from sediments while sluicing for diamonds and kimberlitic indicator minerals in Quaternary sediments of the Kola region. In total, more than 500 samples of an initial volume of 0.02 m 3 were processed in the field by sieving to <4 mm grain size and sluicing in a pan to produce heavy mineral concentrates (gray sand). The heavy concentrates mostly consisted of garnet, pyroxene, amphibole, epidote (total 80-90 vol.%); magnetite (1-5 %); kyanite, sillimanite, staurolite, biotite, apatite (each mineral up to 1 %); rutile, perovskite, zircon, hematite and loparite (dozens of grains).
The heavy mineral concentrates were processed using an electromagnetic separator, and KIM's were handpicked from the subsequent fractions, as follows: (a) a sample was first separated using a low electromagnetic current (Cr-spinels were recovered from the magnetic fraction and pyropes from the non-magnetic fraction), (b) the non-magnetic fraction from the previous run was treated again using a high electromagnetic current to produce a magnetic fraction from which pyropes and part of the Cr diopsides were recovered, and a non magnetic fraction containing diamonds and the remaining Cr diopsides.
The >80 pyrope grains reported here are nearly completely confined to the south-eastern sampling area, being very scarse in samples from other areas. Chrome-diopsides are most abundant and widespread (~350 grains from the south-eastern area, ~100 grains from the central area, ~100 grains from the northern areas combined, and ~20 grains from the south-western area). Diamonds are found as single grains in south-eastern, south-western and central areas (Fig. 1) . The location of the sampled areas and the main direction of detrital material transportation make it impossible that any of the indicator minerals were derived from the Arkhangelsk kimberlitic province and the Kaavi-Kuopio kimberlites (however the Kuusamo field in Northern Finland could be regarded as a possible source for the south-western sampling area).
The pyropes from Ermakovsky kimberlite, Terskii Coast field in southern Kola region, were recovered from a ~20 kg representative sample of phlogopite-olivine diatreme-facies rock. The Ermakovsky low grade pipes are comparatively small (30 x 40 m and 130 x 130 m) and are mostly diatreme facies, with some crater facies preserved. Age estimates for the Terskii kimberlites range from 360 to 380 Ma (Kalinkin et al., 1993) to c. 460 Ma (Delenitzin et al., 2001.) . By chemical and mineralogical composition these kimberlites are most similar to Group I kimberlites of the Koidu field in West Africa and the Kaavi-Kuopio field in Finland (Beard et al., 1998) . Mantle xenoliths are not found in Ermakovsky kimberlite and pyropes apparently occur as xenocrysts. A total of 39 pyrope grains were recovered and analyzed.
Analytical methods
Garnet major element compositions were determined by a Cameca Camebax SX100 electron microprobe at the GTK E-beam Laboratory, applying an acceleration voltage of 25 kV, probe current of 48 nA and beam diameter of 1 µm. The parameters for clinopyroxene analyses were 15 kV, 30 nA and 5 µm, respectively. Trace Ni data were obtained on pyrope grains by a Cameca Camebax SX50 electron microprobe at the GTK E-beam Laboratory employing 500 nA probe current, 600s counting times on peak plus background positions with data reduction by the CSIRO TRACE program (Robinson & Graham, 1992) .
A small proportion of pyroxene (c. 10 %) analyses were made by a Cameca MS-46 electron microprobe (EMP) at the Geological Institute of the Kola Science Centre, applying an acceleration voltage of 22 kV, probe current 20 to 40 nA and beam diameter of 2 to 5 µm.
Representative chemical analyses of garnets and pyroxenes from the Kola region are listed in Tables  1, 2 
Results

Mineral chemistry and mantle source rocks of the garnets
Garnet chemical and genetic classification was performed mainly using the distribution of Cr 2 O 3 , CaO, MgO and TiO 2 . Pyropes from the south-eastern part of the Kola region show the following variations: Cr 2 O 3 (0.1-11 wt.%), CaO (1.2-9.0 wt.%), MgO (10-22 wt.%) and TiO 2 (0-0.4 wt.%). Based on commonly used classification systems (Sobolev et al., 1973; Sobolev, 1974; Gurney, 1984) it is established that 45 % of the total quantity of pyropes belong to the lherzolite association (G9, Fig. 2a ). Importantly, the abundance of pyropes of the potentially diamondiferous low-Ca harzburgite association (G10) is high, c. 30 %. For most kimberlitic occurrences G10 pyropes rarely exceeds 10 %, or at a maximum 20 %. Apparently this distribution of G10-G9 pyropes is related to the specific composition of the Kola lithospheric mantle. Moreover, no wehrlitic pyropes were found in this collection, as is also true for the kimberlites of the Arkhangelsk province (Bogatikov, 2000) . The diamond-associated pyropes (inclusions in diamonds) are dominantly G10s with Cr 2 O 3 > 5 %, CaO = 0-7.4 % (Sobolev, 1974) . There are about 9 % of such pyropes in the south-eastern Kola collection. One of the mineralogical criteria for a kimberlite to be economically important is that the number of diamond-associated pyropes should be at least 5 % of the total amount (Sobolev, 1974) . Coupled with the fact that G9 and G10 pyropes are mainly of kimberlitic origin, the presence of a large number of diamond-associated pyropes in south-eastern Kola collection suggests its high diamond prospectivity.
Approximately 25 % of pyropes from the collection belong to the G3 group (pyrope-almandine) d -peridotitic chrome diopside from stability field of diamond; g -peridotitic chrome diopside from stability field of graphite; e -eclogitic clinopyroxene. P-T parameters for peridotitic diopsides are calculated using Nimis & Taylor (2000) thermobarometer. d -peridotitic chrome diopside from stability field of diamond; g -peridotitic chrome diopside from stability field of graphite; e -eclogitic chrome diopside. P-T parameters for peridotitic diopsides are calculated using Nimis & Taylor (2000) thermobarometer. . G9 (lherzolitic pyropes), G10 (harzburgitic pyropes) and G3 (eclogitic pyrope-almandines) fields are outlined based on the systems of Sobolev et al. (1973) , Sobolev (1974) and Gurney (1984) .
with lower contents of MgO (10-16 %), Cr 2 O 3 (<1 %), and elevated FeO (10-18 %), apparently originating from eclogites. Similar garnets are often found in deep seated xenoliths from alkaline and alkaline-ultrabasic dykes and pipes of the region, and rarely in the Ermakovsky kimberlite (Arzamastsev et al., 1988; Vetrin & Kalinkin, 1992; Kalinkin et al., 1993) . A portion of the G3 garnets with the highest MgO and FeO contents (c. 10 % of total amount) could be related to the association of magnesium-ferrous eclogites. This type of diamondiferous xenoliths are found in kimberlites of the Arkhangelsk province (Bogatikov, 2000) . Nevertheless to avoid ambiguity the entire G3 group is excluded from the following P-T calculations, as crustal eclogites are known in the Kola region (Mitrofanov, 1996) . As a summary of chemical-genetic discrimination, the quantitative distribution of pyropes from Quaternary sediments of the south-eastern part of Kola region (80 % of diamondiferous peridotitic associations, 10 % of diamondiferous magnesium-ferrous eclogitic association, 10 % of diamond-associated pyropes) seems to be very similar to kimberlites of Zolotitza field from Arkhangelsk province (75 %, 11 % and 11 %, respectively, Bogatikov, 2000) ). Thus it can be speculated that discoveries will be made in south-eastern Kola of the same high-grade kimberlitic pipes as in the Arkhangelsk province.
Garnets from Ermakovsky kimberlite show a different distribution of the chemical-genetic groups: G9 and G10 pyropes have equal proportions, G3 pyropes are not found (Fig. 2b) , suggesting a distinctly different mantle source for these pyropes compared to those from the south-eastern Kola region.
Ni-thermometry (Ryan et al., 1996) on pyropes from south-eastern Kola gives a range of temperatures of 650-1250°C, corresponding to a sampling interval of c. 75-190 km (Fig. 3) . For depth estimates the regional geotherm of Kukkonen & Peltonen (1999) was used. From the distribution of the different pyrope groups and their trace element compositions, a stratified structure to the southern Kola Craton lithospheric mantle is inferred: G10-pyropes are nearly absent in the shallow mantle horizon (layer A: 75-110 km) which is the main source of G9-pyropes, whereas a deeper mantle horizon between 110 and 190 km (layer B) has contributed abundant G10-pyropes. The existence of abundant harzburgitic pyropes is taken as evidence that this mantle is Archean in nature. Based on Mg# of the pyropes, the composition of this mantle lies midway between that from the more fertile Kuopio-Kaavi mantle at craton edge and the depleted craton core mantle seen at Kuhmo-Kuusamo (Lehtonen et al., 2004; O'Brien et al., 2003 O'Brien et al., , 2006 Peltonen & Brügmann, 2006; Zozulya et al., 2008) . Overall, c. 16 % of the pyropes are derived from the stability field of diamond, i.e. from a depth of 140-190 km.
Pyropes from the Ermakovsky kimberlite show a temperature range of 650-1000 °C, corresponding to a sampling interval of c. 75-140 km (Fig. 4) , in accordance with the low diamond grades determined for these pipes. The temperature values obtained for pyropes are comparable to determinations on chromites from Ermakovsky kimberlite (820-1080 °C, c. 20 samples), calculated with the Zn-thermometer of Ryan et al. (1996) . These pyrope data show a different lithosphere mantle composition beneath the area; one that is relatively uniform in its harzburgite-lherzolite distribution. This could be explained by the spatial proximity of the Ermakovsky area to the Kandalaksha graben of the Belomorian rift system where Riphean (c. 1.2 Ga) and Paleozoic (c. 0.36 Ga) activations of the rift may have altered the originally stratified Archean lithospheric mantle. Additionally, melt metasomatism is confirmed for this mantle, based on higher TiO 2 contents in pyropes (average value 0.21 wt.%) relative to those from the southeastern area (average value 0.11 %).
Mineral chemistry and mantle source rocks of the pyroxenes
Diopsides from the Kola region show the following variations: MgO (10-18 wt.%), Cr 2 O 3 (0.3-3.6 wt.%), Al 2 O 3 (0.3-6.3 wt.%), Na 2 O (0.3-5.2 wt.%), TiO 2 (0.0-0.45 wt.%). These variations are rather wide, due to the presence of both eclogitic and peridotitic associations which form distinct compositional groups. The diopside group with higher Na 2 O and Al 2 O 3 , and lower MgO and CaO, is related to the eclogite association. Diopsides of similar composition have been reported in eclogitic xenoliths from alkaline-ultrabasic rocks of the Kola region (Arzamastsev et al., 1988; Vetrin & Kalinkin, 1992) . The second group has elevated MgO, CaO and Cr 2 O 3 , and lower Na 2 O and Al 2 O 3 , similar to diopsides of peridotitic associations from kimberlites and nondiamondiferous alkaline-ultrabasic pipes. Peridoditic diopsides were discriminated using the following parameters: Al 2 O 3 < 4.5 wt.%, Cr 2 O 3 > 0.5 wt.%, Na 2 O < 2 wt.% and MgO > 15 wt.% (Zozulya et al., 2008) . The sampled sediments with peridotitic diopsides often contained other kimberlitic indicator minerals, especially pyrope, chrome spinel and/or olivine (Gavrilenko et al., 2000; Zozulya et al., 2008) . P-T determinations on peridotitic chrome diopsides using the single-grain thermobarometer of Nimis and Taylor (2000) imply that the majority of grains from south-eastern Kola fall into the graphite stability field within 20-45 kbar and 700-1300 °C (Fig. 5a ). These grains apparently originated from non-diamondiferous ultramafic xenoliths in alkaline-ultramafic dykes of the region, widely manifested to the west of the sampling area and transported by Scandinavian glaciers (Fig. 1) . Nevertheless, c. 15 % of south-eastern Kola diopsides yield values of 40-60 kbar and 700-1100 °C and indicate derivation from the diamond-stability field. Diopsides from south-western Kola yield P-T estimates in the range of 45-65 kbar and 850-1100°C (Fig. 5a) , and dominantly plot in the diamond-stability field. Diopsides from the central Kola yield P-T values of 20-55 kbar and 700-1150 °C (Fig. 5b) , with c. 20 % derived from the diamond-stability field. Diopsides from the northern Kola region, in contrast, yield P-T values of 20-45 kbar and 600-1300 °C (Fig. 5c ), all falling within the graphite-stability field. The maximum depth of xenocryst sampling varies from up to 200 km in the southern Kola, to 170 km in central Kola, to only 140 km in the northern Kola region.
Diopsides from different depth horizons vary in composition. Pyroxenes from the diamond-stability field are characterized by lower contents of TiO 2 (typical values 0.01-0.15 wt.%), Al 2 O 3 (0.3-0.7 wt.%), FeO (1.8-2.3 wt.%), Na 2 O (0.6-0.8 wt.%), higher Mg# (0.92-0.95), and lower calculated enstatite (Ca/ (Ca+Mg) = 0.45-0.47). Pyroxenes of similar composition have been reported from Yakutia and Arkhangelsk kimberlites associated with diamonds (Sobolev, 1974; Bogatikov, 2000) . Pyroxenes from the graphite-stability field have higher TiO 2 (0.14-0.38 wt.%), Al 2 O 3 (1.7-2.7 wt.%), FeO (3.0-4.5 wt.%), Na 2 O (0.9-1.5 wt.%), lower Mg# (0.86-0.91), and relatively higher calculated enstatite (Ca/(Ca+Mg) = 0.47-0.50). Diopsides similar to these have been found in peridotitic xenoliths from alkaline-ultrabasic rocks of the Kola region (Arzamastsev et al., 1988; Vetrin & Kalinkin, 1992) .
The P-T values for chrome diopsides thus imply significant regional variations in heat flow. Within the southern part of the Kola, adjacent to the Kandalaksha graben, the chrome diopside data (clusters 2 and 3 on Fig. 5a ) plot between the 36 and 46 mW/m 2 model geotherms of Pollack and Chapman (1977) . Importantly, towards the east and towards the west, away from the Kandalaksha graben, the lithosphere appears to become thicker and the heat flow corre- sponds to a cool cratonic model geotherm of 35-38 mW/m 2 (cluster 1 on Fig. 5a ). The central Kola, in turn, is characterized by a more elevated heat flow of c. 38-44 mW/m 2 . The highest heat flow values (up to 50 mW/m 2 , cluster 2 on Fig. 5c ), are observed in the northernmost Kola Craton, adjacent to the Barents rift system.
Discussion and conclusions
The Archean Kola craton is prospective for diamonds based on structural tectonic conditions, discoveries of diamond-bearing kimberlites (the Ermakovsky pipes in the southern Kola region) and the presence of kimberlitic indicator minerals and diamonds in Quater-nary sediments. The results of this work demonstrate that undiscovered kimberlites probably exist in the southern and central parts of Kola.
Compositions of garnet xenocrysts from the Ermakovsky kimberlites are in agreement with the low-grade of the pipes. The samples contain G9 and G10 garnets in equal proportions but their Ni -temperatures reveal a relatively shallow sampling interval of the mantle (c. 75-140 km), dominantly within the graphite-stability field. The shallow extent of the lithosphere and the evidence of melt metasomatism in the pyrope data could be explained by the spatial proximity of the Ermakovsky area to the Belomorian rift system.
Our data indicate that the more "cratonic" southeastern and south-western parts of the Kola region have higher potential for diamondiferous kimberlitic magmatism than the northern and central part of the Kola craton (Fig.1) Combining the dataset provided here with previously published xenolith and xenocryst thermobarometry from the Karelian and Kola cratons (Lehtonen et al., 2004; O'Brien et al., 2003 O'Brien et al., , 2006 Peltonen & Brügmann, 2006; Zozulya et al., 2008) allows the following structure of the subcontinental lithospheric mantle (SCLM) to be outlined along a NE Karelian craton -Kandalaksha graben -SE Kola craton transect (Fig. 6) . For the major part of the Karelian craton and for the SE part of the Kola craton, deep lithospheric roots are inferred. The roots are of Archean age and the cratonic geotherm is cool. Asthenosphere uplift is observed in the north-easternmost part of Karelia craton (Kuusamo area) and in southern Kola craton (Ermakovsky area, adjacent to Kandalaksha graben) up to 180 and 140 -150 km, correspondingly. The lithospheric mantle of this segment is characterized by elevated heat flow values. Apparently, regeneration of asthenospheric mantle occurred here during 1.2 and 0.36 Ga rifting. This area is characterized by abundant occurrences of rift-related alkaline and ultrabasic-alkaline dykes and pipes and has low to no diamond potential.
The diamond prospectivity of the south-eastern and south-western Kola is further supported by the following observations:
1) The south-eastern samples contain high numbers of diamond-indicative G10 garnets, comparable to the highly diamondiferous kimberlites of the Zolotitsa field in the Arkhangelsk province. In addition, the samples contain abundant eclogitic G3 pyropes that are absent in the diamond-poor Ermakovsky kimberlites, suggesting distinctly different mantle sources for these two localities. 2) Ni-thermometry of the pyropes in the southeastern region indicates a wide range of sampling (70-190 km) of the lithospheric mantle, with c. 16 % of the pyropes derived from the diamond stability field between 140-190 km. 3) Despite the fact that the Cr-diopside population of the south-eastern samples is dominated by apparently non-kimberlitic grains, a significant proportion of the diopsides (15 %) still yields P T parameters within the diamond stability field. This holds true also for the major portion of the Cr-diopsides from south-western Kola. Significantly, the pyroxenes plotting inside the diamond stability field have similar compositions to pyroxenes associated with diamonds from Yakutia and Arkhangelsk kimberlites.
